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Abstract
The adenine nucleotide carrier, or Ancp, is an integral protein of the inner mitochondrial membrane. It is established that
the inactive Ancp bound to one of its inhibitors (CATR or BA) is a dimer, but different contradictory models were proposed
over the past years to describe the organization of the active Ancp. In order to decide in favor of a single model, it is
necessary to establish the orientations of the N- and C-termini and thus the parity of the Ancp transmembrane segments
(TMS). According to this, we have constructed a gene encoding a covalent tandem dimer of the Saccharomyces cerevisiae
Anc2p and we demonstrate that it is stable and active in vivo as well as in vitro. The properties of the isolated dimer are
strongly similar to those of the native Anc2p, as seen from nucleotide exchange and inhibitor binding experiments. We can
therefore conclude that the native Anc2p has an even number of TMS and that the N- and C-terminal regions are exposed to
the same cellular compartment. Furthermore, our results support the idea of a minimal dimeric functional organization of
the Ancp in the mitochondrial membrane and we can suggest that TMS 1 of one monomer and TMS 6 of the other monomer
in the native dimer are very close to each other. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
The ADP/ATP carrier (Ancp) is an integral pro-
tein of the inner mitochondrial membrane belonging
to the mitochondrial carrier family (MCF). Analyses
of its primary structure led to the assumption that
the Ancp has six putative transmembrane segments,
and the N- and C-termini of the protein face the
same side of the membrane (Fig. 1A,B). Such an
organization was described for other members of
the MCF: the phosphate carrier [1], the citrate car-
rier [2] and the uncoupling protein [2,3], for exam-
ples. However, a second folding model was pro-
posed, based on data obtained mainly from
photoa⁄nity labeling experiments [4], which di¡ers
very much from the ¢rst one. Besides, only ¢ve pu-
tative transmembrane segments are clearly evidenced
when examining the hydrophobicity pro¢le of Ancp
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(Fig. 1A). The presence of the second transmem-
brane segment (indicated as (2) in Fig. 1A,B) is still
questionable in the absence of data about localiza-
tion of both terminal regions of Ancp. A cytosolic
orientation of the bovine Ancp N-terminus was pro-
posed from immunochemical experiments, but no
¢rm conclusion could be drawn for the C-terminus
using the same approach [5].
On the other hand several lines of evidence led to
assume a dimeric structure of the inactive Ancp when
bound to one of its speci¢c inhibitors, carboxyatrac-
tyloside (CATR) or bongkrekic acid (BA) [6^8]. In
these dimers, all of the monomers are asymmetrically
orientated in a parallel manner as evidenced from
asymmetric binding of the inhibitors CATR and
BA and from proteolysis experiments [5,9]. Covalent
dimers of Ancp were obtained after chemical cross-
linking with copper-o-phenanthroline [10]. Though
inactivation of the carrier correlated with dimer for-
mation, this was in favor of a dimeric organization
of the native Ancp in the membrane [10]. A higher
state of oligomerization of the Ancp was also pro-
posed from nucleotide binding data [11^13].
Considering all of these data, a covalent tandem
dimer of Ancp appears to be a convenient tool to
a¡ord evidence in favor of a 5- or a 6-transmem-
brane segment organization. For that very reason,
the C-terminus of the ¢rst subunit has to be linked
to the N-terminus of the second subunit. Construc-
tion of this dimer was carried out at the gene level to
avoid possible inactivation due to chemical modi¢ca-
tion, as was observed in [10]. Two copies of the Sac-
charomyces cerevisiae ANC2 gene were cloned in tan-
dem, the second one in a cassette. This dimeric gene,
(ANC2)2, was introduced at the ANC2 chromoso-
mal locus of a yeast strain of which the ANC genes
were ¢rst inactivated [14]. This recipient strain is un-
able to grow on nonfermentable carbon source due
to the absence of a functional ANC2 gene. The di-
meric gene restores growth on such a carbon source.
Properties of the new strain were characterized and
the size of the dimeric gene translation product was
controlled by immunodecoration. In vivo functioning
and stability of such a dimeric carrier allow to state
that Anc2p has an even number of transmembrane
segments and that both N- and C-termini face the
same cellular compartment. These results open the
way to constructions of various covalent hetero-
dimers of Anc2p in order to understand the associa-
tion of monomers and thus the mechanism of nucle-
otide transport. Preliminary results of this work were
released in [15].
2. Materials and methods
2.1. Bacterial and yeast strains
The Escherichia coli strain used in this study for
plasmid ampli¢cation was XL1-Blue (recA1 endA1
gyrA96 (Nalr) thi hsdR17 (rKÿ mK) supE44 relA1
lacÿ FP [Tn10 (tetr) proAB lacIq lacZvM15]). It
was grown on modi¢ed Luria broth (1% Bactotryp-
tone (Difco), 0.5% yeast extract (Difco), 0.5% NaCl,
pH 7.5) plus 100 Wg ampicillin/ml when necessary.
The following S. cerevisiae strains were used in this
study: JL1-3 (MATK leu2-3,112 his3-11,15 ade2-1
Fig. 1. (A) Hydropathy plot of the S. cerevisiae Anc2p accord-
ing to [41] with a window of 11 amino acids. Domains I, II
and III refer to three sequence repeats [42]. Numbers 1^6 refer
to the six hydrophobic regions corresponding to the six putative
transmembrane segments or TMS. (B) Postulated arrangement
of Anc2p in the mitochondrial inner membrane. Numbers refer
to amino acid positions in the primary structure at the begin-
ning and at the end of each putative transmembrane segment
(adapted from [43]). In both schemes A and B, (2) refers to the
TMS (amino acids 89^107) the presence of which questionable
because of the low hydrophobicity score of the corresponding
amino acid sequence.
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trp1-1 ura3-1 can1-100 anc1: :LEU2 anc2: :HIS3 an-
c3: :URA3), kindly provided by J. Kolarov, is a de-
rivative of W303-1B [14]; JL1-3-ANC2 (MATK leu2-
3,112 his3-11,15 ade2-1 trp1-1 ura3-1 can 1-100 an-
c1: :LEU2 anc3: :URA3) which refers to the 2N1-3
strain described in [16].
Yeast cells were grown at 28‡C on rich media
YPD, YPG or YPLact (1% yeast extract (Difco),
2% Bactopeptone (Difco) supplemented with 2% glu-
cose, 3% glycerol or 2% lactate, and 1% KH2PO4,
pH 5.5, respectively) or on synthetic complete me-
dium lacking histidine or tryptophan (0.67% Bacto
yeast nitrogen base, 2% dextrose supplemented with
uracil, adenine and all amino acids but tryptophan
or histidine) [17]. Sensitivity to BA was examined on
a YPG medium bu¡ered at pH 4.0 with 50 mM
sodium citrate and supplemented with 2% ethanol.
The vector used in this study was the phagemid
pRS314 (TRP1/CEN6/ARSH4) [18].
2.2. Chemicals
Nucleotides and carboxyatractyloside were pur-
chased from Sigma and Calbiochem, respectively.
[3H]ATR was synthesized as previously described
[19]. [2,8-3H]ATP was purchased from Amersham.
Protein concentration was determined with the
BCA (bicinchoninic acid) reagent kit from Pierce.
2.3. Cloning of the (ANC2)2 gene
The (ANC2)2 gene coding for the covalent dimer
of Anc2p contains two repeats of the ANC2 open
reading frame, the ¢rst one being devoid of stop
codon. The TAA codon was removed by amplifying
the ANC2 gene with the following primers: 5P-GA-
gaattcATGTCTTCCAACGCCCAGTCAAA-3P and
5P-CTggatccTTTGAACTTCTTACCAAACAAGA-
TC-3P. The ¢rst primer introduced an EcoRI site
(lower case letters) upstream from the start codon
(underlined) and the second primer a BamHI site
(lower case letters) instead of the stop codon. The
resulting DNA fragment was named anc2fus. The
ANC2 gene was also ampli¢ed using the following
primers to introduce a BamHI site (lower case letters)
on both sides of the gene: 5P-GAATTCggatc-
cATGTCTTCCCCAACGCCCAAGTCAAA-3P (the
nucleotide represented in bold face is naturally
present in the 5P noncoding region of ANC2) and
5P-GAATTCggatccAAGAATCAAGCCAGATTAG-
ACTTA-3P, where the start and the stop codons are
underlined. The resulting fragment was named AN-
C2(BamHI). 1.3 kb of the 5P noncoding region
and 1.2 kb of the 3P noncoding region were ampli¢ed
using the following sets of primers: (i) 5P-GCggt-
accCTGCAGGACGCGTATGCATG-3P (KpnI site
in lower case letters) and 5P-GCgaattcTATTTGCT-
TATATGTATG-3P (EcoRI site in lower case
letters); (ii) 5P-CGggatccAATCTAAATTCTTTCTC-
AC-3P (BamHI site in lower case letters) and
5P-GCtctgagGATCTAATCCgAACAACAATAC-3P
(XbaI site in lower case letters). This allowed cloning
of the entire 5P noncoding region in the KpnI and
EcoRI sites and cloning of the entire 3P noncoding
region in the BamHI and XbaI sites.
The anc2fus gene, 5P and 3P noncoding regions and
the ANC2(BamHI) gene were cloned sequentially
into the Bluescript KS plasmid. The resulting plas-
mid was KSDIM5P3P. A KpnI-SacI fragment (4.4 kb)
containing the (ANC2)2 gene and the noncoding re-
gions (Fig. 2A) was used to transform JL1-3 strain,
or was subcloned in the phagemid pRS314 to allow
expression of this new gene in yeast. The resulting
phagemid was pRSDIM5P3P. The region comprised
between the EcoRI site and the second BamHI site
was sequenced to control that no frameshift was in-
troduced during the cloning process.
2.4. Transformation
The E. coli strain was transformed according to
standard methods [20]. Yeast strains were trans-
formed according to the LiCl treatment procedure
[21].
2.5. DNA analyses
Isolation of recombinant phagemids was per-
formed as described [22]. Yeast genomic DNA, gel
electrophoresis and manipulation of DNA fragments
were performed using standard procedures [17,23].
2.6. Preparation of mitochondria and Anc2p
puri¢cation
Yeast cells were grown in YPLact medium at 28‡C
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and harvested when the OD600 of the culture reached
a value of 3 (log phase) after a 20 min centrifugation
at 750Ug and washed in cold water. Mitochondria
were isolated by enzymatic digestion of the cell wall
by Zymolyase 20T (Calbiochem) [24] with the fol-
lowing modi¢cation where indicated: pepstatin A
(1 Wg/ml), leupeptin (1 Wg/ml), aprotinin (5 Wg/ml),
antipain (1 Wg/ml) and EDTA (0.1 and 1 mM) were
added to the homogenization and the resuspension
bu¡ers. Anc2p and (Anc2p)2 were puri¢ed as de-
scribed [25].
2.7. Immunodetection
Proteins were subjected to electrophoresis on a
10% SDS-polyacrylamide gel with a 5% stacking
gel [26] then transferred onto a nitrocellulose mem-
brane. Anc2p was detected using polyclonal antibod-
ies raised against the whole protein or against a 14-
residue peptide corresponding to the C-ter sequence
(YDQLQMILFGKKFK) of Anc2p. The peptide and
the corresponding antibodies were obtained as de-
scribed previously [5]. Porin was detected using an
antibody raised against the puri¢ed S. cerevisiae por-
in (G. Lauquin, unpublished data). The immune
complexes were detected by a colorimetric assay ac-
cording to the manufacturer’s indications (Promega).
2.8. [3H]ATR binding assays
[3H]ATR binding assays on isolated mitochondria
were carried out as described [16].
2.9. Mass spectrometry analyses
Mass spectrometry analyses were carried out by
MALDI-TOF using a laser desorption ionization
mass spectrometer Finnigan MAT Vision 2000 (Bre-
men, Germany). A 1 Wl aliquot containing 1.6 pmol
Anc2p, puri¢ed as described [25], was mixed with 1 Wl
of a saturated solution of 2,5-dihydroxybenzoic acid
in 40% acetonitrile, 0.1% tri£uoroacetic acid and
spotted on a MALDI-TOF sample plate. Mass spec-
trometry was performed in a linear positive ion mode
and the signals from 35 pulses were accumulated.
Mass calibration was performed externally with
monomeric forms of bovine serum albumin and
myoglobin.
3. Results
3.1. (ANC2)2 produces a functional protein
The roles of the three ANC isoforms of S. cerevi-
siae were studied by interrupting them, one at a time,
by pairs or altogether [27,14]. Conclusions of these
studies con¢rmed that ANC2 is the sole isoform nec-
essary for S. cerevisiae to grow on a medium con-
taining a nonfermentable carbon source (glycerol or
lactate, for example) and stated that ANC3 is the
sole isoform necessary for growth under anaerobiosis
in the absence of ANC2 [27]. No role was ever evi-
denced for ANC1. A strain of which the three ANC
are interrupted a¡ords a suitable tool to investigate
the in vivo activity of an ANC gene. Such a strain,
JL1-3, was constructed by [14] as a derivative of
W303 and is unable to grow on glycerol or under
anaerobiosis [14]. In vivo activity of the (ANC2)2
gene product could be ascertained, were JL1-3
growth restored on glycerol for more than a few
generations and were the biomass yield at the growth
plateau comparable to that of a strain expressing
only the ANC2 isoform [16] which was taken as a
reference for our studies.
In a ¢rst step, (ANC2)2 was cloned on a centro-
meric phagemid, pRS314 [18], and bordered by the
ANC2 5P and 3P noncoding regions (see Section 2).
The resulting fragment was used to transform JL1-3.
All the transformants able to grow on a minimal
medium deprived of tryptophan, an auxotrophic
marker of pRS314, were able to grow on glycerol
plates at 28‡C indicating that the (ANC2)2 gene
translation product could complement the ANC2 dis-
ruption. Growth on glycerol-containing plates took
only 6 days (JL1-3-ANC2 growth was evident after
3 days, data not shown). This result is indicative of a
functional carrier encoded by (ANC2)2. As a con-
trol, JL1-3 transformed with phagemid pRS314 was
unable to grow on a glycerol plate (data not shown),
consistent with the data obtained by [27] and [14].
In a second step, the anc2: :HIS3 locus of JL1-3
was replaced with (ANC2)2 using the KpnI-SacI
fragment (4.4 kb) excised from KSDIM5P3P (see Sec-
tion 2 and Fig. 2A). Genomic DNAs from eight
transformants (numbered 1^8) were digested with
EcoRI or BamHI and subjected to electrophoresis.
After transfer, the blot was probed with the anc2fus
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fragment (see Section 2). As can be seen in Fig.
2B,C, di¡erent patterns of DNA integration were
obtained. Transformant #1 contains three copies of
the monomeric ANC2 gene, as evidenced by BglII
digest (data not shown), but this construction allows
expression of a dimeric carrier only since there is a
stop codon between the second and the last copies of
the ANC2 gene, materialized by the presence of the
BamHI site. This fact was con¢rmed by immunode-
tection of the translation products (data not shown).
In all other transformants, only one copy of the di-
meric (ANC2)2 gene was inserted. The EcoRI site
was lost by recombination with the ANC2 sequence
remaining in JL1-3 [28] in clones #2, 5, 6 and 8 (Fig.
2B). The BamHI site was lost in a similar way in
clones #7 and 8 (Fig. 2C). Only transformants #3
and 4 have the right pattern of recombination.
They were selected for further studies and named
JL1-3-(ANC2)2. The resulting gene product would
be a covalent tandem dimer of Anc2p in which the
two monomers are expected to be linked through an
extra sequence of two amino acids, a glycine and a
serine (Fig. 3).
3.2. The carrier translated from (ANC2)2 is a tandem
dimer when inserted into the inner mitochondrial
membrane
Although the genomic structure of the JL1-3-
(ANC2)2 strain allowed production of a functional
Anc2p carrier, the protein inserted into the inner
mitochondrial membrane could be a monomer, re-
sulting from proteolysis of the dimeric Anc2p, for
example. To rule this hypothesis out, mitochondria
were isolated from the JL1-3-(ANC2)2 and JL1-3-
ANC2 strains following a standard protocol (see Sec-
tion 2). After electrophoresis of mitochondrial pro-
teins and transfer, the blot was probed with an anti-
body raised against the C-terminus of Anc2p (see
Section 2). In the case of JL1-3-ANC2 (Fig. 4A,
Fig. 2. (A) Schematic representation of the homologous recombination at the ANC2 locus. (a) HIS3-disrupted ANC2 locus on chro-
mosome II of the yeast strain JL1-3. (b) DNA fragment used to transform JL1-3 to replace anc2: :HIS3 with (ANC2)2. 5P and 3P re-
fer to the ANC2 noncoding regions upstream and downstream from the gene encoding the dimeric Anc2p. (B,C) Southern blot hy-
bridization analysis of yeast genomic DNA probed with the ANC2(BamHI) fragment (0.95 kb). Lanes: M, V phage DNA digested
with HindIII; 1^8, genomic DNA from transformants 1^8; 9, genomic DNA from JL1-3-ANC2. (B) EcoRI digest. (C) BamHI digest.
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lane 1), a single protein band was detected the mo-
lecular mass of which corresponded roughly to the
one expected (around 32 kDa). In the case of JL1-3-
(ANC2)2, two proteins were immunodetected (Fig.
4A, lanes 2 and 3) the molecular masses of which
corresponded to about 40 and 62 kDa (the last one
putatively corresponding to the dimer) and no pro-
tein corresponding to the wild type Anc2p (around
32 kDa) was immunodetected. This indicates that the
hinge between the two domains of the tandem dimer
is protected against proteolytic attack. The question
arose which form was active, the 40 kDa or the 62
kDa protein, since the 40 kDa protein could be
present in the membrane but not responsible for
transport activity.
As a fact, the 40 kDa protein resulted from a
proteolytic cleavage of the covalent dimer of Anc2p
during mitochondria isolation since it was not de-
tected anymore when adding a cocktail of protease
inhibitors to the various bu¡ers used during mito-
chondria isolation (see Section 2). As can be seen
in Fig. 4B, only one protein band was immunode-
tected in the mitochondrial lysate from JL1-3-
(ANC2)2 (Fig. 4B, lane 2), the molecular mass of
which corresponds to about 62 kDa. The amounts
of protein detected, Anc2p or (Anc2p)2, are very
similar when equivalent amounts of mitochondrial
proteins were loaded on the gel (Fig. 4B). We can
therefore conclude that the protein translated from
the (ANC2)2 gene is a covalent tandem dimer of
Anc2p which is properly inserted into the mitochon-
drial membrane.
(Anc2p)2 is active since it allowed growth at 28‡C
on nonfermentable carbon sources (lactate or glycer-
ol) of a strain of which the ANC genes were ¢rst
inactivated (Fig. 5). Nevertheless it cannot be ex-
cluded that post-translation maturation took place
Fig. 3. (A) Hydropathy plot of the covalent dimer (Anc2p)2 ac-
cording to [41] with a window of 11 amino acids. (B) Model of
arrangement of the (Anc2p) in the case of six transmembrane
segments per Anc2p unit. (C) Model of arrangement of the
(Anc2p)2 in the case of ¢ve transmembrane segments per
Anc2p unit. The sequence in the rectangle represents the hydro-
philic C-terminal region of the ¢rst Anc2p unit covalently
linked to the hydrophilic N-terminal region of the second unit.
The covalent link introduces an additional glycine followed by
a serine (in brackets). The one letter code is used to represent
amino acids. In B, the two units would have the same orienta-
tion in the membrane, but in C, they would have opposite ori-
entations.
Table 1
Comparison of growth properties of JL1-3-ANC2 and JL1-3-
(ANC2)2 and of ATR binding properties of mitochondria iso-
lated from both strains
JL1-3-ANC2 JL1-3-(ANC2)2
Growth on lactate
Doubling time (h) 2.5 9.5
Stationary phase (OD600nm) 13 11
ATR binding
Kd (WM) 0.2 0.15
Bmax (pmol/mg protein) 550 600
ATP exchange
Km (WM) 2.6 1.6
Respiratory controla 2.3 2.9
aThe respiratory control was measured as in [25].
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in the JL1-3-(ANC2)2 strain. Indeed the expected
molecular mass for a dimeric Anc2p is 68 kDa and
the observed molecular mass was around 62 kDa.
However, the expected molecular mass of the mono-
mer is 34 kDa and the observed mass is 32 kDa.
Mass spectrometry analyses of Anc2p are not com-
patible with any large amino acid removal, corre-
sponding putatively to an in vivo maturation or an
in vitro degradation (data not shown). Indeed, the
mass measured by MALDI-TOF MS for puri¢ed
Anc2p ([M+H]+ = 34 284) was very close to the ex-
pected mass deduced from ANC2 DNA sequence
(M = 34 427) (manuscript in preparation). Thus the
di¡erences between expected and observed molecular
masses may result from anomalous electrophoretic
mobilities of Anc2p or (Anc2p)2 induced by the pres-
ence of detergents. Such behavior has been previ-
ously described for other membrane proteins [29,30].
3.3. Growth properties of JL1-3-(ANC2)2
Growth properties of JL1-3-(ANC2)2 were com-
pared to those of JL1-3-ANC2. As can be seen in
Fig. 5, on plates containing a fermentable carbon
source (glucose), both strains grow similarly what-
ever the incubation temperature. On plates contain-
ing nonfermentable carbon sources, such as glycerol
or lactate (Fig. 5), both strains were able to grow at
28‡C as well but JL1-3-(ANC2)2 presented a temper-
ature sensitive growth, which was slower at 20‡C and
even more at 37‡C than that of JL1-3-ANC2. In liq-
uid lactate-containing rich medium and at 28‡C, JL1-
3-(ANC2)2 presented a longer doubling time than
JL1-3-ANC2 (Table 1). Nevertheless, the OD600 val-
ues at the growth plateau were similar (Table 1),
indicating that the e⁄ciency of the lactate metabo-
lism in mitochondria was the same for both strains.
Under the same conditions, the untransformed JL1-3
strain does not grow (data not shown) corroborating
data obtained by Drgon et al. [14].
Fig. 4. Immunodetection of Anc2p and (Anc2p)2 in mitochondria isolated from JL1-3-ANC2 (lane 1) or JL1-3-(ANC2)2 (lanes 2 and
3). Mitochondria were isolated in the presence of 1 mM PMSF without (A) or with (B) a protease inhibitor cocktail (see Section 2).
After electrophoresis on a 10% SDS-polyacrylamide gel, mitochondrial proteins (50 Wg in each lane) were transferred to a nylon mem-
brane. Anc2p and (Anc2p)2 were detected using a polyclonal antibody (1/4000 dilution) raised against a peptide corresponding to the
14 last amino acids of the Anc2p (C-ter side). M, molecular mass markers.
Fig. 5. Growth properties of JL1-3-(ANC2)2 (a) or JL1-3-
ANC2 (b) in the presence of various carbon sources and at dif-
ferent temperatures. Rich media contained either 2% glucose
(D) or 3% glycerol (G) or 2% lactate (pH 5.0) (L). Plates were
photographed after 2 days on glucose (20, 28 or 37‡C) or 5 days
on glycerol or lactate at 28 or 30‡C or 7 days on glycerol or
lactate at 20‡C.
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3.4. Properties of the covalent tandem dimer in
isolated mitochondria
Di¡erences in growth rates and temperature sensi-
tivities could be due to a slower process of dimer
insertion into the membrane, or to a lower level of
the dimeric carrier inserted within the membrane as
compared to the native Anc2p, or to a lower nucle-
otide transport activity. The last two hypotheses
were evaluated with isolated mitochondria by mea-
suring the number of ATR binding sites (Table 1)
which is a reliable way to titrate the functional car-
rier present in mitochondria [9], and by assessing
ADP/ATP transport activity.
The amounts of ATR binding sites were roughly
the same for both strains, expressing either the wild
type ANC2 gene or the variant (ANC2)2 gene, in-
dicating they contained equivalent amounts of dimer-
ic Anc2p of which the monomers are covalently
linked or not (around 600 pmol/mg protein). The
amount of CATR binding sites was also titrated by
CATR-induced N-ATP displacement (data not
shown). Its value, 597 pmol/mg protein, was consis-
tent with the preceding estimation of Ancp amount
(Table 1). Were CATR or ATR bound to two halves
of two di¡erent tandem dimers, it would be necessary
to produce twice as much (Anc2p)2 as Anc2p in or-
der to obtain the same number of ATR (CATR)
binding sites per milligram of proteins, which does
not appear to be true from data obtained in Fig. 4.
Therefore, we can propose that (1) the tandem dimer
adopts in the mitochondrial membrane a conforma-
tion resembling very much that of the native Anc2p
and (2) the inhibitor binding site is reconstituted in
one molecule of the covalent tandem dimer. In addi-
tion, similar ATR Kd values were found for Anc2p
or (Anc2p)2, indicating that the ATR binding site is
not modi¢ed in the tandem dimer as compared to the
native dimer. Indeed, it should be remembered that
Ancp is dimeric when complexed to one of its inhib-
itors, CATR or BA. Thus, (Anc2p)2 does not appear
to be less stable or less expressed than the native
carrier.
Next, nucleotide transport activity was estimated
through two complementary approaches on isolated
mitochondria as described previously [25]. ADP
added to the medium stimulated mitochondrial res-
piration in the presence of NADH to the same ex-
tend for the two strains studied, as deduced from the
respiratory control values (Table 1). It can thus be
inferred that the covalent tandem dimer can supply
mitochondria with ADP with the same e⁄ciency as
the wild type Anc2p. This result was con¢rmed by
the fact that no signi¢cant change is observed when
determining the Km of the covalent tandem dimer for
ATP from nucleotide exchange experiments (Table
1). As a conclusion, the nucleotide binding site and
the transport ability are fully conserved after cova-
lent dimerization of the carrier.
Fig. 6. (A) Electrophoresis analysis of the puri¢ed Anc2p (a)
and (Anc2p)2 (b). (A) Coomassie blue staining. (B) Immunode-
tection using an anti-porin antibody (1/1000). (C) Immunode-
tection using an antibody raised against the entire Anc2p (1/
500). (D) Fluorescence changes of the tryptophanyl residues of
(Anc2p)2 upon binding of ligands. The puri¢ed carrier was di-
luted (0.06 mg/ml) in 100 mM glycerol, 12.5 mM MOPS pH
6.8, 25 WM EDTA, 0.1% Emulphogen. Vex = 297 nm and 320
nm6 Vem6 400 nm. Fluorescence changes were followed upon
addition of 5 WM ATP or 5 WM CATR. Those concentrations
ensure the maximum £uorescence changes.
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3.5. Biochemical properties of the puri¢ed (Anc2p)2
(Anc2p)2 properties were further characterized
after isolating the protein. The Anc2p dimer was
puri¢ed following the procedure described in [16] in
the presence of a cocktail of protease inhibitors (see
above). The tandem dimer, like the native Anc2p,
was not retained on a hydroxylapatite column and
further eluted from the AcA202 column with two
other proteins, as evidenced after Coomassie blue
staining (Fig. 6A). These contaminants are minor
and have already been described when purifying
Anc2p [25]. One of them is the mitochondrial porine
as shown by immunodetection using an antibody di-
rected against this protein (Fig. 6B). (Anc2p)2 was
free from degradation products since a single protein
band was detected using polyclonal antibodies raised
against the whole Anc2p (Fig. 6C).
Ligand binding properties were analyzed by mea-
suring tryptophan £uorescence changes as described
previously [31]. We have controlled that they were
dependent on the concentrations of the added li-
gands, ATP and CATR (data not shown). In Fig.
6D, the ligand concentrations used are those giving
the maximum e¡ects. The directions of the £uores-
cence changes induced by CATR or ATP binding
were the same for Anc2p and (Anc2p)2. CATR bind-
ing induced a tryptophanyl £uorescence quenching
the relative amplitude of which (32.9%) was some-
how smaller than that obtained with the wild type
Anc2p (35%) under the same conditions [31]. The
£uorescence level was not modi¢ed by the subse-
quent addition of ATP, as observed in the case of
Anc2p. ATP binding induced an increase of the £uo-
rescence level, the relative amplitude of which
(+1.9%) was also smaller than that obtained with
Anc2p (+5%) under the same conditions. It was low-
ered by the subsequent addition of CATR (total am-
plitude 4.8%) and the ¢nal £uorescence level was the
same as in the presence of CATR alone. From stabil-
ity of the £uorescence signals, we can state that both
proteins can be stabilized under the form of inhibited
carrier-CATR complexes, which do not respond any-
more to the addition of a transportable ligand. The
observation of lower amplitude signals could re£ect a
more constraint structure of the covalent tandem
dimer for which the conformational changes induced
by ligand binding would be less important than for
Anc2p. They could also re£ect a di¡erent environ-
ment of the tryptophanyl residues in (Anc2p)2. How-
ever, altogether these results are in favor of a func-
tional covalent dimer the properties of which
strongly resemble those of the native carrier.
4. Discussion
From nucleotide binding experiments, the active
Ancp is expected to be organized as a dimer in the
inner mitochondrial membrane. Such a dimer was
never evidenced but in the case of the solubilized
beef heart carrier complexed to one of its speci¢c
inhibitors, BA or CATR [6,7] or after chemical treat-
ment inactivating beef Ancp [10]. Considering alto-
gether the hydrophobicity pro¢le of Ancp (Fig. 1)
and the various results obtained from experiments
using chemical labeling [32^34], immunochemical
decoration using antibodies directed against the N-
terminal region of beef Ancp [5], protease cleavage of
beef Ancp in mitoplasts or submitochondrial par-
ticles [35], no ¢rm conclusion could be drawn about
the number of putative transmembrane segments or
the orientation of both terminal parts of the Ancp.
To address these questions, a gene was constructed
which encodes a covalent tandem dimer of Anc2p,
the isoform necessary for S. cerevisiae to grow on
nonfermentable carbon sources. This gene was intro-
duced at the ANC2 chromosomal locus of the recip-
ient strain JL1-3 unable to grow on glycerol [14]. In
the resulting strain, the dimeric gene was stable and
able to restore growth on nonfermentable carbon
sources. The OD600 value reached at the stationary
phase in lactate-containing medium is close to the
one reached by the JL1-3-ANC2 strain [25]. Thus
the covalent tandem dimer could sustain growth for
more than the only one or two generations described
for the anc2 null mutant strain in glycerol-containing
medium [27]. Another important consequence is that
the e⁄ciency of the lactate mitochondrial metabo-
lism is very similar in both JL1-3-ANC2 and JL1-3-
(ANC2)2 strains. The mitochondrial ATP has to be
exported thanks to the Ancp in the cytoplasm in
similar amounts in both strains in order to obtain
the same biomass yields at the end of the cultures.
We have then controlled that the translated pro-
tein was indeed a covalent dimer of Anc2p. Our re-
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sults are consistent with a functional carrier organ-
ized in the membrane as a dimer, or as a tetramer
since a higher state of oligomerization was previously
proposed [4]. We have titrated (Anc2p)2 in the mito-
chondrial membrane and our results clearly establish
that there is no overexpression of the covalent dimer
which would be necessary to compensate either for a
much lower transport activity or a much lower
stability in vivo. When (Anc2p)2 is inserted within
the membrane, its organization has to closely resem-
ble that of the native carrier since it is fully active
and since the amounts of speci¢c ligand binding sites
and the amounts of the protein estimated with im-
munodetection are both similar for the JL1-3-
(ANC2) and the JL1-3-(ANC2)2 strains. Therefore
it seems unlikely to assume that only one half of
tandem dimer proteins is inserted into the mem-
brane, forming a functional dimer from two inde-
pendent monomers. Taken together, these results
suggest that the function of (Anc2p)2 is due to the
activity of both parts of one single tandem dimer
construct. This does not exclude that the insertion
process of (Anc2p)2 in the membrane is slow, which
could account for the modi¢ed growth properties of
JL1-3-(ANC2)2.
We can conclude from our studies that both ter-
minal regions of Anc2p face the same cellular com-
partment. Indeed, they are supposed to be exposed
to the solvent and their amino acid compositions are
not compatible with their insertion within the mem-
brane (Fig. 3A,C). This insertion would be compul-
sory, were there ¢ve transmembrane segments, to
allow all units of Anc2p to keep the same orientation
in the membrane. Such an orientation was previously
established from asymmetric binding properties of
the speci¢c inhibitors of Ancp, CATR and BA and
from proteolytic cleavage experiments [5,9]. Immu-
nochemical experiments using antibodies raised
against a peptide corresponding to the N-terminal
part of the beef Ancp demonstrate that the N-termi-
nal region faces the intermembrane space in mito-
chondria when the carrier is in the CATR conforma-
tion [5]. As a consequence, the C-terminal part of the
carrier faces the same compartment as we propose
from our results that there is an even number of
transmembrane segments.
Furthermore, in the membrane, the N-terminal re-
gion of one monomer of the native Anc2p has to be
naturally close to the C-terminal region of another
monomer since they can be linked covalently without
impairing the carrier function. As a consequence, the
helix of TMS 1 of one subunit and the helix of TMS
6 of the other subunit are packed close to each other.
To summarize our data, we can propose three mod-
els (models A, B and C) to describe the organization
of the native Anc2p in the membrane (Fig. 7) which
take into account the formation of the ternary com-
plex Ancp-ADP-ATP as proposed by Duyckaerts et
al. [36] from kinetic data. In model A, each monomer
forms a pathway that can be used by one nucleotide
molecule at a time but both pathways are used at the
same time during the process of the adenine nucleo-
tide exchange. In the other model, the two monomers
are reorganized in view of forming two interdepen-
dent channels (model C), or a larger channel that can
be used by both nucleotide molecules during the ex-
Fig. 7. Possible models for arrangement of the noncovalent dimeric Anc2p in the membrane: top view from the intermembrane space.
The most simple models assume a dimer with either one pore per monomer (model A), or a pore formed together by both monomers
(models B, C and D). In models A^C, we have taken into account the results obtained in this study: an even number of TMS, an
identical orientation of the N- and C-terminal regions, a close vicinity of the N-terminal region of one monomer and the C-terminal
region of the other monomer, and thus a close packing of TMS 1 of one subunit and TMS 6 of the other subunit. This last statement
is not consistent with model D, therefore this model can be reasonably rejected.
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change (models B and D). Our data are not consis-
tent with model D presented in Fig. 7 in which heli-
ces of TMS 1 or 6 of one monomer are closely
packed with their cognate helices (1 or 6, respec-
tively) of the second monomer. Because both mono-
mers have parallel orientation in the membrane, such
a model would also imply that each TMS in the two
associated monomers exhibits opposite surfaces to
phospholipids of the bilayer membrane, which is
quite unlikely as discussed by Ludewig et al. [37]
for the dimeric structure of the ClC-0 chloride chan-
nel, a homodimer with two independent pores.
Dimerization as a prerequisite for in vitro function
was recently demonstrated for another member of
the MCF, the phosphate carrier or PiC [38]. PiC
activity depended on the lipid environment and on
the detergents used for isolation and reconstitution.
When isolated in the presence of sodium lauroyl sar-
cosinate and dodecyl octaoxyethylene, PiC is inactive
and a higher degree of organization is necessary to
achieve phosphate uptake in a reconstituted system.
Another conclusion of the work of Schroers et al.
[38] was that cross-talks between PiC subunits are
necessary to get transport function in an in vitro
reconstituted system.
Recently, in preliminary experiments, we ad-
dressed this question by constructing covalent tan-
dem dimers where one subunit is inactive and the
other corresponds to the wild type Anc2p. We have
chosen the op1 mutant which was described as grow-
ing during less than two generations on nonferment-
able carbon source [39]. Three constructions were
made (op1 ¢rst or op1 last or op1 in both monomers).
Functioning of these oligomers was ¢rst assessed in
vivo. The heterodimers restored substantial growth
of JL1-3 in lactate-containing medium, whereas the
op1-op1 construct did not under the same conditions.
The biomass yields reached at the end of the cultures
(OD600 around 10) are close to the one obtained in
the presence of the covalent tandem dimer (Anc2p)2
(see Table 1). At a ¢rst glance, both subunits can
participate to the nucleotide transport but one fully
active subunit in the tandem dimer is enough to al-
low growth of S. cerevisiae on nonfermentable car-
bon sources. Further experiments are underway to
elucidate the mechanism by which the wild type sub-
unit can compensate for the op1 inactive subunit
within the covalent tandem dimer.
This approach will prove to be very useful in the
future to investigate the nucleotide transport mecha-
nism of Anc2p, to assign contribution of each mono-
mer to the transport function and to understand car-
rier organization in the membrane through a
functional assay. Heterodimers will be made in which
both subunits will correspond to inactive Anc2p but
with di¡erent mutations. As already mentioned, it
was hypothesized that the functional unit of Ancp
would be a tetramer. A step beyond will be to con-
struct various Anc2p concatemers, consisting of three
or four Anc2p monomers, to establish the functional
stoichiometry of this carrier. Covalent tetramers con-
taining combinations of wild type and mutant sub-
units have been made by Tytgat and Hess [40] to
demonstrate cooperative interaction between sub-
units in the RTCK1 potassium channel.
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